objective To investigate the prevalence of Leishmania infection in rodents from various areas of northern Greece.
Introduction
The parasites of the genus Leishmania (order Kinetoplastida, family Trypanosomidae) are transmitted via the bite of infected female sand flies (Phlebotomus spp. in the Old World and Lutzomyia spp. in the New World), which are the agent of leishmaniosis in mammals [1, 2] . Leishmaniosis is endemic in all southern countries of Europe, where two transmission cycles exist: (i) zoonotic visceral and cutaneous leishmaniosis caused by Leishmania infantum and (ii) anthroponotic cutaneous leishmaniosis caused by Leishmania tropica, which occurs sporadically only in Greece [3, 4] . Dogs are considered the main reservoir of L. infantum in Europe, and the seroprevalence of canine leishmaniosis ranges between 2% and 50% in endemic areas [5] [6] [7] , which does not always correlate with the prevalence in human populations.
Apart from dogs, it has been suggested that several other animals might be involved in the epidemiology of the parasite, acting as an alternative reservoir host [8] [9] [10] [11] . Indeed, natural infection with L. infantum has been reported in various species, both domestic and wild. In domestic animals, a number of studies revealed infection or evidence of infection in cats, equids, sheep and goats [12] [13] [14] [15] [16] [17] . Among wild animals, the red fox has been studied more than others and was found infected in various countries, with prevalence ranging from 0% to 74.6%, depending on the area and the method applied (PCR or serology) [18] [19] [20] [21] [22] [23] . Other carnivores that have been found infected are grey wolves, jackals, European wild cats, polecats, pine martens, stone martens, common genets, Iberian lynxes, Egyptian mongooses, European badgers, weasels and European minks [9, [24] [25] [26] . Moreover, lagomorphs seem to play a crucial role in the maintenance of the parasite in nature, as wild rabbits and hares have been suggested as important reservoirs in Spain [10, [26] [27] [28] [29] .
In addition to the species mentioned above, rodents are of particular interest regarding L. infantum transmission in Europe, where the black rat (Rattus rattus), the Norwegian rat (Rattus norvegicus), house mouse (Mus musculus), wood mouse (Apodemus sylvaticus) and the Algerian mouse (Mus spretus) have been found to be infected [30] . These animals exist in enormous populations and are considered possible reservoirs of the parasite [31] , but their role in the epidemiology of leishmaniosis is still largely unknown and needs to be further investigated and elucidated [32, 33] .
Greece is considered endemic for human and canine leishmaniosis [34] . A recent epidemiological study conducted in all 54 prefectures of the country showed a mean seropositivity in dogs of 22.09% [7] . In the period 2004-2014, 644 autochthonous cases of human leishmaniosis were officially reported, of which 94% were the visceral and 6% the cutaneous form, leading to a mean annual incidence of 0.51/100.000 according to the latest data from the Hellenic Centre for Disease Control and Prevention.
Identification of natural parasite hosts other than the dog, such as rodents, could be an important step for better understanding leishmaniosis epidemiology. Only one relevant investigation regarding Leishmania infection in rodents exists so far in Greece, limited to a small number (n = 16) of animals of only one species (R. norvegicus), where one animal was found infected [35] . In this context, the aim of this study was to investigate, on a greater scale, the prevalence of Leishmania infection in various rodent species in northern Greece, in order to enhance the understanding of the epidemiology of leishmaniosis and collect information about possible involvement of animals alternative to the dog, in the maintenance of the parasite in this particular area of the Mediterranean basin.
Materials and methods

Animals
During a two-year period (12/2013-1/2016), 97 adult rodents were collected, no more than 12 h post-mortem, as a result of rat extermination programmes (pest control) implemented by professionals or individuals. The rodent's species was determined by external morphological and morphometric characteristics including colour, body length, tail length, shape of ear lobes, shape and position of eyes, and shape of the nose and face [36, 37] . In addition, date and area of capture, sex and existence of dogs or other animals in the area were recorded for each animal. All rodents were inspected for external and visceral signs of disease.
Tissue samples
From each rodent, liver, spleen fragments and blood, if available, were collected. To avoid cross-contamination, a sterile scalpel was used to collect each visceral sample. Imprint smears were performed from the liver and spleen. Tissue samples from the spleen were sliced in 20-to 25-mg fragments, placed in sterile tubes and stored at À80°C until DNA extraction. The spleen was selected for DNA studies because, as shown in experimental studies in mice, an early dissemination of the parasites is expected in this organ [38] and also the parasite burden in this organ still remains at very high levels, while in other organs, such as the liver, it eventually declines [39] .
Parasitological examination (cytological smears)
Liver and spleen imprint smears were fixed with methanol for 5 min, stained with 1/20 diluted Giemsa stain and observed under 10009 magnification in an optical microscope. The whole smear (when it was <1000 view fields or up to 1000 view fields) was examined in each preparation.
Serological examination
Serum samples could only be collected from 43 of the 97 animals due to the absence of blood in many cases at the necropsy of the rodents and as blood clots would not always provide the amount of serum needed. Blood samples were obtained from the heart chambers or/and the thoracic cavity and centrifuged at 3000 g for 15 min. Sera were collected and stored at À20°C. The presence of IgG antibodies against Leishmania spp. was detected by an in-house enzyme-linked immunosorbent assay (ELISA) as previously described [16, 40] , using specific secondary antibodies (alkaline phosphatase conjugate anti-mouse IgG, A-3562 Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Optical densities were measured with a 405 nm measurement and a 630 reference filter, using the microplate reader Asys Expert Plus (Biochrom, Cambridge, UK).
The cut-off value was determined by adding three standard deviations to the average absorbance of the negative control sera, obtained from laboratory-reared R. norvegicus (Wistar rats) [41] .
DNA extraction
DNA was extracted from spleen tissue samples using the NucleoSpin Tissue Kit (Macherey-Nagel, D€ uren, Germany) according to the manufacturer's instructions. DNA concentration and quality were determined spectrophotometrically, and the samples were stored at À20°C until use.
Real-time PCR
For the detection of Leishmania spp., a real-time PCR coupled with melting curve analysis was applied as previously described [42, 43] . Briefly, a primer pair Leish71up: 5΄-CCAAACTTTTCTGGTCCTYCGGGTAG-3΄ and Leish71do: 5΄-TGAACGGGATTTCTGCACC-CATTTTTC-3΄ was used to amplify a 71-bp region of the minicircle kinetoplast DNA. The real-time PCR (20 ll) was comprised of 1 9 F-517 Optimized DyNAzymeTM EXT Buffer Detergent-free [Composition: 50 mM Tris-HCl, 1.5 mM MgCl 2 , 15 mM (NH 4 ) 2 SO 4 , Thermo Fischer Scientific, Vantaa, Finland], 0.2 mM of each dNTP, 1.5 mM MgSO 4 (New England Biolabs, Ipswich, MA), 3 U of HotStartTaq DNA polymerase (Qiagen, Hilden, Germany), 0.3 lM of Leish71up, 0.2 lM of Leish71do, EvaGreen TM 1 9 dye (Biotium, Hayward, CA) and 2 ll of DNA extract. DNA extracts from blood leucocytes of two laboratory-reared Wistar rats were used as negative controls. Two positive controls were also constructed by spiking the aforementioned extracts with DNA extracted from lymph nodes of a L. infantum-positive (cytologically and molecularly) dog. The assay was performed using the C1000/CFX96 Touch TM Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, USA). Thermal cycling conditions adopted were 94°C for 15 min, followed by 46 cycles in 2 steps: a) 95°C for 20 s (denaturation) and b) 60°C for 40 s (combined annealing/extension). The fluorescence levels were measured at the end of each cycle. After the completion of cycles, the tubes were heated at 90°C for 30 s, followed by incubation at 72°C for 4 min. Subsequently, a melting curve was generated, by heating from 72 to 86°C, in increments of 0.1°C/5 s. Analysis of fluorescence data was performed using the CFX TM Manager Software (Version 3.1, Bio-Rad Laboratories, Hercules, USA). All PCR amplicons that gave the expected melting curves, presenting peaks at 80.8°C, were further analysed by electrophoresis on 1.5% agarose gels, stained with ethidium bromide and visualised on a UV transilluminator. In two samples that presented high Ct values (39) (40) , final verification of the product's specificity was performed by cloning and sequencing of the PCR product.
PCR amplification of the ITS1 region
A gel-based PCR targeting the internal transcribed spacer 1 (ITS1) region was performed as described previously [44] , in parallel to real-time PCR, in order to improve the sensitivity of our diagnosis. Briefly, 2 ll of extracted DNA was subjected to PCR (25 ll) comprised of 1 9 PCR buffer [50 mM KCl, 10 mM Tris-HCl pH 8.5, 3 mM MgCl2, 0.1% Triton X-100], 2U Taq DNA polymerase (MINOTECH, Heraklion, Greece), 0.2 mM dNTPs and 0.5 lM of each primer (LITSR: 5΄-CTGGATCATTTTCC-GATG-3΄ and L5.8S: 5΄-TGATACCACTTATCGCACTT-3΄). The thermal cycling conditions were 94°C for 5 min, followed by 35 cycles in 3 steps: (i) 94°C for 30 s, (ii) 53°C for 30 s and (iii) 72°C for 60 s [44] . DNA extracted from L. infantum (MCAN/GR/2009/ GD70) and L. tropica (MCAN/GR/2009/GD52) cultures of strains [7] isolated in the Laboratory of Clinical Bacteriology, Parasitology, Zoonoses and Geographical Medicine of the Faculty of Medicine, University of Crete, was used as positive controls. The negative controls included blood and tissues samples from dogs born and living in non-endemic areas (at >1000 m altitude) that had been proved negative for Leishmania according to serology, PCR (amplification of ITS1) and culture. All samples were tested in duplicates.
Statistical analysis
The sample size of the studied population (n = 97) was calculated to find, at least, one infected animal by estimating a 95% confidence interval (CI) of the real proportion of the infected rodents with 8% margin of error, considering that the expected percentage of the Leishmania spp. prevalence is probably around 20% in dogs according to recent investigations [7, 45] .
Statistical analysis was applied to the results of molecular examination, as it was considered the most reliable method of detecting the infection [46, 47] . Therefore, statistical analysis was used to assess the influence of different risk factors to the Leishmania spp. occurrence. These risk factors were related to the animal's species, sex, sampling season (winter, spring, summer and autumn), prefecture (Thessaloniki, Kilkis, Imathia, Chalkidiki) and region (rural, semi-urban and urban) where the animal was collected, the animal's body condition (good or bad), the existence of dogs in the area (yes or no) and the detection of specific IgG antibodies (ELISA positive or negative). The number of infected animals (19) revealed by molecular examinations implied that the two-tailed Fisher exact test was the most suitable to be applied in order to test the relevance between possible risk factors and the occurrence of Leishmania infection [48] . Furthermore, the relative percentage within each value of each risk factor was presented using 100% suppressed bar plots and was determined using odds ratio with the corresponding 95% CI The statistical analysis was implemented using the R package version 3.2.2, URL: http:// www.R-project.org/ [49] .
Results
Animals
The rodents collected were found in urban (n = 17), semi-urban (63) and rural areas (17) from four prefectures of Central Macedonia in northern Greece: Thessaloniki (n = 72), Chalkidiki (n = 11), Kilkis (n = 11) and Imathia (n = 3) (Figure 1) . The animals belonged to the species Mus musculus (66), Rattus norvegicus (19) and R. rattus (12) . Forty-eight of the animals were females (5 R. rattus, 13 R. norvegicus, 30 M. musculus) and 46 were males (6 R. rattus, 5 R. norvegicus, 35 M. musculus), while in three, the sex was not determined (Table 1 ). In the external and visceral examination, 74 rodents were in good body condition, 22 were in poor condition and 1 was not determined, according to the species parameters [37, 50] . No external lesions and no splenomegaly or hepatomegaly were observed.
Detection of infection
Leishmania amastigotes were not detected in any of the liver and/or spleen smears of all 97 animals examined. In serological examination, specific anti-Leishmania IgG antibodies were detected in 24 (54.55%) of the 44 sera (Table 1) .
Of the 97 spleen samples analysed, 19 (19.58%) were found positive by at least one molecular method. Of these 19 samples, 18 (18.55%) were positive by real-time PCR and 12 (12.37%) were positive by gel-based PCR. Eleven of the samples were positive in both molecular methods, seven were positive only in real-time PCR, whereas one was positive only in gel-based PCR. The sequencing performed in the PCR products of two DNA samples confirmed that the samples belonged to Leishmania genus, according to sequences submitted in GenBank (kinetoplast minicircle DNA, Accession No AJ275333.1 and Z35276.1). The positive samples belonged to 16 rodents of the species M. musculus (16/66, 24.2%) and three rodents of the species R. rattus (3/12, 25%), while no positive sample from rodents of the species R. norvegicus was found (0/19) ( Table 1 ). All samples positive to molecular methods belonged to seropositive animals.
Statistical analysis
The statistical results of the association between the rodent's infection and the risk factors related to the animal's characteristics and area and season of the animal's capture are shown in Table 2 . The animal's sex and body condition, the season, the prefecture and the existence of dogs in the area were not associated with infection detected by PCR. In contrast, the animal's species and the region of animal's capture were significantly associated with Leishmania infection (Fisher's exact test, P < 0.05). Thus, the prevalence of Leishmania in M. musculus and R. rattus is approximately the same (observed percentages 24.2% vs. 25%) irrespective of the number of examined animals (66 vs. 12), but the corresponding percentage in R. norvegicus is much lower as no animal of this species was found infected. The same finding can be derived using the odds ratio value of M. musculus vs. R. rattus which was calculated equal to 0.96 (very close to 1) indicating no significant difference between the prevalence of Leishmania infection in these species. On the other hand, the relative prevalence of the Leishmania infection shows that none of the animals living in rural areas was infected with Leishmania. Moreover, the higher relative percentage of infected animals was recorded in animals from semi-urban areas (28.57%, 18/63), while the respective percentages for animals from urban and rural areas were 5.88% (1/17) and 0% (0/17). The odds ratio of the two latter categories (Table 2) shows that rodents living in semi-urban areas are 6.3 3 4 1 2 Figure 1 The prefectures of northern Greece where rodents were captured. Thessaloniki (1, n = 72), Chalkidiki (2, n = 11), Kilkis (3, n = 11) and Imathia (4, n = 3).
times more likely to be infected with Leishmania than rodents in the urban areas investigated in the present survey.
Discussion
Many rodent species, both in the Old World and the New World, have been suggested as possible reservoir hosts for various Leishmania species [51] [52] [53] [54] [55] [56] . In southern European countries, the investigation of involvement of wild rodents in the maintenance of Leishmania in nature is limited. However, there is evidence that these animals have a role in the epidemiology of L. infantum, demonstrating characteristics expected in a reservoir host, such as proliferation, surviving long enough to maintain parasite availability for at least one year, displaying high rates of infection and providing indications of a non-pathogenic infection in most cases [57, 58] . As far as Greece is concerned, in the only relevant study conducted in the cities of Athens and Piraeus [35] , one of 16 spleens from wild R. norvegicus examined by PCR was positive for L. infantum, whereas in our study, none of the R. norvegicus examined (n = 19) was found infected. However, this result cannot be characterised as contradictory to the former, because of the small number of R. norvegicus examined in both surveys and the low prevalence of infection detected in the earlier survey [35] . The only additional information about this rodent species in Europe comes from Portugal, where one of three R. norvegicus examined was found parasitologically positive [57] .
Similarly, only few house mice (M. musculus) have been examined in Europe for evidence of Leishmania infection. In Portugal and Spain, 10 of 27 and two of four animals, respectively, examined by PCR or cytology, were found infected [31, 57] . The infection of M. musculus detected by PCR in the present study (16 of 67 animals) is in accordance with the existing data about this animal species, showing that it may represent an important reservoir of the parasite.
Leishmania infection in black rat (R. rattus) has been confirmed in 15-45% and in 33.3% of the animals examined in Italy and Portugal, respectively [31, 58, 59] . The percentage of infected R. rattus found by at least one molecular method in the present study was also relatively high (25%), a result that can be considered important and a forewarning, as R. rattus is among the few wild animals in Europe that have been confirmed by xenodiagnosis as capable of infecting a competent Leishmania vector [60] and can, thus, be a natural reservoir.
The results of the different molecular methods applied were not always in agreement. This may be attributed to the fact that these methods had different DNA targets. Real-time PCR is considered very sensitive [61] , and the use of kDNA targets augments the sensitivity of PCR, as these targets are abundant and highly repetitive [62] . It can be suggested that the present results are in accordance with the above-mentioned observations, as real-time PCR revealed most of the positive samples. F, female; M, male; N/D, sex not determined. S1: Thessaloniki, S2: Chalkidiki, S3: Kilkis, S4: Imathia. †Of the seropositive animals, five M. musculus and one R. rattus were also PCR-positive. ‡11 animals were positive in both PCR methods, seven only in real-time and one only in gel-based PCR. Detection of specific antibodies by serological methods can also provide useful information about the contact of animals with the parasite. It is quite common to record animals that are seropositive for Leishmania but at the same time negative in parasitological tests [46] , probably due to having been exposed to the infection and either managed to eliminate the parasite (and will convert to seronegative) or were able to keep the parasite under control, not allowing for extended multiplication in the tissues. These animals are not necessarily important as reservoirs of the parasite [46] , as parasite transmissibility in natural conditions depends on the parasite load, especially in the skin [63] . In Europe, there are only two relevant serological surveys: the first being conducted in Italy, where 57.5% of the R. rattus and 33.3% of the R. norvegicus examined were found seropositive [59] and the second in Cyprus, with prevalences of 11.2% in R. rattus and 5.6% in R. norvegicus [64] . According to the results of serology in the present study, 54.55% of the rodents had been exposed to Leishmania spp. In particular, the percentage of seropositive R. rattus and R. norvegicus was high, in concordance with the prevalence detected in these animals in Italy [59] . Interestingly, to date, there are no published data regarding Leishmania seroprevalence in M. musculus in Europe, and thus, to the best of the authors' knowledge, the present results represent the first recording of such information.
It is difficult to fully interpret the results of the serological analysis because the sensitivity of serology in these animal species is unknown [65] . Moreover, the possible presence of other trypanosomatids that could lead to cross-reactions cannot be ruled out [26] . The difference of the results between serology and PCR could also be attributed to the fact that the parasites are not uniformly distributed in the organs and tissues of the host, and thus, it is possible that the parasites were present in other fragments of the spleen, or, as well as in other organs [57] . Another possible scenario would be that although many rodents come into contact with the parasite, and thus seroconvert, they immunologically react in such a way that the establishment of infection and thus the presence of parasites in the tissues rarely occur. Differences in prevalence rates between serological and molecular methods have also been recorded in previous studies. For example, in Italy, some seropositive black rats had been negative to PCR, and vice versa, some animals found positive by PCR analysis had been seronegative [59] . In the case of the present study, all PCRpositive animals were also seropositive, a fact possibly related to the highly sensitive assay (ELISA) applied, which also confirms the specificity of the molecular methods implemented.
In contrast to the indirect methods for the detection of infection, such as serology or intradermal leishmanin testing (Montenegro test), microscopic detection of the amastigotes is the absolute proof of infection. However, all the samples examined by cytology in the present study were negative. This could be attributed to the low parasitic burden expected in these animals [35] , as in direct observation techniques, sensitivity depends on the parasitic load of samples [66] and on the randomly selected fragments for smear preparation [57] . The remarkably low parasite burden in the samples was also demonstrated by the fact that a high number of reaction circles (Ct ≥33) were necessary in real-time PCR to reveal positive samples.
The prevalence of infection in rodents, as revealed here, can be considered high. However, high rates of infection alone do not prove that these species can act as reservoirs [30] . Among the critical factors for a species to be characterised as such are the capability to maintain the infection over time and the competence to infect the vectors [67] . For instance, in rabbits, some controversial conclusions have been recorded, as a study in Spain showed these animals had a very low risk of being chronically infected, suggesting that they are of little importance as reservoirs [68] , whereas other studies conversely showed that they could play a role in Leishmania transmission [26, 28, 29] . In this context, it is worth noting that among the examined animals, 2 M. musculus were found infected in winter, when sand fly activity is non-existent [69] , suggesting that these animals could contribute to the maintenance of Leishmania. On the other hand, the very low parasite burden in the rodents examined suggests that the natural infection of vectors is probably not very likely to happen easily. These results seem to contradict each other and require further investigations in order to ultimately clarify the role of these animals in the epidemiology of leishmaniosis in Greece.
So far, the ability of rodents to transmit the parasite to the sand flies, Phlebotomus perniciosus and P. perfiliewi, has been confirmed by xenodiagnosis only for black rats [60] . It must be taken into consideration that in Greece, although the presence of P. perniciosus has not been proven, P. perfiliewi, one of the suspected vectors of L. infantum, has been recorded [7] . The absence of skin lesions in the animals examined possibly indicates a viscerotropic infection. However, there were no obvious signs of disease, a fact that could contribute to the role of reservoir of these animals. Consequently, and as these rodents have an average life expectancy between 12 (M. musculus) and 24 months (R. rattus and R. norvegicus), it may be concluded that they live long enough to maintain the parasite available for a sufficient period of time [56, 57, 66] .
The prevalence of infection found here strongly suggests that rodents not only come into contact with the parasite frequently, but also could potentially transmit it, allowing it to spread via sand fly feeding. However, it would be important to investigate the presence of the parasites in the skin of these animals, a fact that would facilitate transmission [67] .
The statistical analysis showed that rodents in semiurban areas were significantly more likely to be infected than the animals living in the urban areas. To the best of the authors' knowledge, there are no available relevant data about Leishmania infection of rodents. However, in analogous results regarding canine leishmaniosis, it has been demonstrated that dogs in rural areas are at higher risk of infection compared to urban areas [70, 71] . A possible explanation for this is that semi-urban areas are richer in vegetation and trees, favouring the development of sand flies [72] and also have a dog population that spends more time outdoors, a proven risk factor for canine leishmaniosis [73] . The frequent exposure of infected dogs to sand flies due to their outdoor lifestyle may be a fundamental factor driving infection pressure to other hosts, in the same environment. Similarly, the lack of any infected rodent in the examined rural areas could be attributed to the fact that the dog population density is much lower in these environments.
The above-mentioned evidence meets some of the criteria [34, 74] that can incriminate a mammal as reservoir host. Therefore, it could be suggested that rodents may play a potential role as alternative reservoir hosts of Leishmania spp. in Greece. This is the first report of Leishmania infection in the rodent species R. rattus and M. musculus in Greece. These species are adapted to human environment and are extremely prolific [31, 50] . Due to the proximity of rodents, humans and dogs, these animals are important in the epidemiological cycle of the disease, as it has already been described in other parts of the world [75] . It is essential that research should continue in the field of xenodiagnosis, to assess the ability of the M. musculus and R. norvegicus to infect sand flies, in order to unequivocally characterise these species as reservoir hosts for Leishmania spp., thus providing important insights for future control and prevention strategies for public and animal health.
